Immune responses leading to antibody-mediated elimination of the transgenic protein are a concern in gene replacement for congenital protein deficiencies, for which hemophilia is an important model. Although most hemophilia B patients have circulating non-functional but immunologically crossreactive factor IX (FIX) protein (CRM+ phenotype), inciting factors for FIX neutralizing antibody (inhibitor) development have been studied in crossreactive material-negative (CRMÀ) animal models. For this study, determinants of FIX inhibitor development were compared in hemophilia B mice, in which circulating FIX protein is absent (CRMÀ factor IX knockout (FIXKO) model) or present (CRM+ missense R333Q-hFIX model) modeling multiple potential therapies. The investigations compare for the first time different serotypes of adenoassociated virus (AAV) vectors (AAV2 and AAV1), each at multiple doses, in the setting of two different FIX mutations. The comparisons demonstrate in the FIXKO background (CRMÀ phenotype) that neither vector serotype nor vector particle number independently determine the inhibitor trigger, which is influenced primarily by the level and kinetics of transgene expression. In the CRM+ missense background, inhibitor development was never stimulated by AAV gene therapy or protein therapy, despite the persistence of lymphocytes capable of responding to FIX with non-inhibitory antibodies. This genotype/phenotype is strongly protective against antibody formation in response to FIX therapy.
Introduction
Treatment for the X-linked heritable bleeding disorder hemophilia B consists of intravenous infusion of replacement human coagulation factor IX (hFIX) protein. The major complication of this treatment is the potential development of anti-hFIX antibodies that interfere with factor IX (FIX)'s function in coagulation ('inhibitor antibodies') and may be associated with severe allergic reactions. Most patients with inhibitors have either large deletions of coding sequence or an early stop mutation in the FIX gene (www.kcl.ac.uk/ip/petergreen/haemBdatabase.html). 1 Inhibitor antibody formation and neutralization of infused FIX is unusual in hemophilia B patients (prevalence B3-4%) because most have small losses or single nucleotide changes of the FIX coding sequence; a majority of patients make some detectable circulating FIX antigen, which is nevertheless defective for coagulation function. 1 The inhibitor complication is frequently encountered in mice used to model hemophilia therapies, however, because the FIX gene has been knocked out of the most commonly used mouse models.
A major concern regarding gene therapy for hemophilia B is the possibility that FIX produced by gene therapy may elicit an immune response leading to either inhibitory antibodies against FIX or to T-cell-mediated destruction of the FIX-producing cells. Several adenoassociated virus (AAV) vectors have produced long-term FIX gene expression in small and large animal models. [2] [3] [4] [5] [6] [7] [8] [9] Antibody-mediated immune response to transgene occurred in some of these preclinical animal studies. Cytotoxic lymphocyte responses following AAV FIX gene delivery, resulting in elimination of the FIXexpressing cell population, generally have not been seen in preclinical studies, which have relied heavily on inbred animal strains. Nevertheless, experimental models using outbred strains of mice, strongly immunogenic proteins (such as ovalbumin, 10 influenza virus hemagglutinin 11 or peptides derived from AAV capsids 12 ) have demonstrated that cell-mediated elimination of AAVtransduced cells can occur. This mechanism has been implicated in loss of expression in one hemophilia B clinical trial. 13 The most widely used mouse model of hemophilia B is the factor IX knockout (FIXKO) mouse that has the promoter through the third exon of the mouse FIX gene knocked out.
14 Several groups have shown that FIXKO mice develop inhibitor antibodies following intramuscular (i.m.) gene therapy. 3, 7, [15] [16] [17] [18] Moreover, FIXKO mice receiving repeated human or mouse FIX protein concentrates by intravenous injection developed inhibitors. In both the context of AAV2 gene therapy and protein therapy, these anti-FIX immunoglobins (Igs) were predominately IgG1 isotype in mice, production of which is characteristically dependent upon CD4+ T-helper subset 2 lymphocytes. 16, 19, 20 When high titer inhibitor responses occur, circulating FIX becomes undetectable, making long-term evaluation of therapeutic responses impossible in FIX protein or gene therapy studies. The IgG1 isotype/T-helper 2 (Th2)-dependent inhibitor response in these mice is significant, because it mirrors the situation in hemophilia B patients who develop inhibitors, in whom IgG4 isotype anti-FIX typically develops (IgG1 is the mouse equivalent of human IgG4). [21] [22] [23] Therefore, FIXKO mice appear to model faithfully the inhibitor responses seen in the very small subset of hemophilia B patients who develop inhibitors. Nevertheless, the two major deficiencies of the available FIXKO mouse models are that they do not reproduce the predominant human missense genotype/CRM+ phenotype and that their tendency to develop inhibitors may confound the evaluation of potential therapies for hemophilia.
To address these deficiencies, we created a novel hemophilia B mouse model: the R333Q-hFIX mouse. As we have recently reported, this mouse makes no murine FIX; instead, a single copy hFIX gene with a missense mutation (as well as a naturally-occurring polymorphism at amino acid 148) is transcribed from the mouse FIX locus under physiologic control of the native mouse FIX promoter. 18 In this mouse, as in most humans with hemophilia B, a hFIX protein circulates (so-called immunologically crossreactive material or CRM+ hemophilia), but the clotting activity of the hFIX is less than 1%. 24 An enzyme linked immunosorbent assay (ELISA) using the A-1 monoclonal antibody, 25, 26 which recognizes a Thr148 hFIX isoform with much greater avidity than an Ala148 hFIX, 18, 25, 26 allows therapeutic strategies using Thr148 hFIX to be distinguished from endogenous Ala148 FIX background in the R333Q-hFIX mice, as described previously. 18 Risk of inhibitor antibody formation after FIX gene therapy has been ascribed to many factors (e.g. underlying FIX mutation, vector target site, vector particle number, vector capsid serotype, expression level of FIX), the relative contributions of which have been difficult to dissect using AAV2 vectors in FIXKO mice. The goal of the current studies was for the first time to compare AAV gene therapy in two hemophilia B phenotypes, that is, hFIX CRM+ (missense mutant genotype) and crossreactive material-negetive (CRMÀ) (gene deletion genotype), using a study design that allowed us to independently vary vector doses and transgene expression levels, and directly contrasting two AAV serotypes. The relative determinants of risk of immune reaction were examined using high-risk scenarios for stimulating inhibitor responses. We report that the missense genotype/CRM+ phenotype is the primary determinant of tolerance in these mouse models and that i.m. delivery of the hFIX gene using either AAV serotype 2 or serotype 1 vectors can correct this hemophilia phenotype. In contrast, in the background of a null genotype/CRMÀ phenotype, kinetic parameters of transgene expression level (rather than the vector serotype or dose of vector particles, per se) are the principle determinants of inhibitor development.
Results
FIX expression and function following AAV2-hFIX i.m. gene therapy
In our original characterization of the R333Q-hFIX mouse we treated R333Q-hFIX and FIXKO mice with AAV2-hFIX at the dose of 1 Â 10 11 vg/mouse. 18 This relatively low dose of rAAV2-CBA-hFIX was chosen as the first 'high inhibitor risk' treatment scenario because doses in this range have been associated with the development of antibodies against the hFIX xenoprotein in several muscle-directed AAV2 vector studies from separate laboratories in wild-type C57BL/6, 2,7 wild-type BALB/ c 7 and FIXKO mice (C57BL/6/129 background). 15, 16 In R333Q-hFIX mice at this dose, hFIX protein expression was about 50 ng/ml above the baseline, which increased clotting activity above baseline (41%). By contrast, both the hFIX protein level and its clotting activity were undetectable in FIXKO mice. The reason for this disparity is that the FIXKO mice developed inhibitor antibodies, whereas the R333Q-hFIX mice did not. 18 In order to test dose-dependent hFIX expression and function in R333Q-hFIX and FIXKO mice, we delivered 8 Â 10 11 vg of rAAV2-CBA-hFIX (i.e. 'higher dose' AAV2) to the muscle and assayed hFIX expression and function at 2-week intervals. hFIX expression reached its plateau at 6 weeks in the R333Q-hFIX mice (n ¼ 4) following gene therapy. (Figure 1a ) The mean value at the peak for protein concentration was 80 ng/ml above the baseline and the mean clotting activity was 4.7%. No plasma hFIX protein or activity was detectable in FIXKO mice.
Immune response following AAV2-hFIX i.m. gene therapy in FIXKO and R333Q-hFIX mice FIXKO mice treated in our previous report with 1 Â 10 11 rAAV2-CBA-hFIX i.m. (i.e. 'lower dose' AAV2), and FIXKO mice treated for this report with the higher dose of 8 Â 10 11 rAAV2-CBA-hFIX, were examined serially by Bethesda inhibitor assay. All of the FIXKO mice (8/8) developed inhibitor antibodies by 4 weeks after i.m. injection and maintained inhibitors throughout the experiment (24 weeks; range 3.7-17.6 Bethesda Inhibitor Units (BIU)) (Figure 1b) . No R333Q-hFIX mouse receiving either dose of AAV2 developed inhibitors. In order to test whether immune recognition prompted development of non-neutralizing antibodies in the R333Q-hFIX animals, and to infer the relative T-cell dependence of humoral immune responses in the animals, we next examined anti-hFIX Igs by ELISA. Samples remained of 12-week post-injection (PI) serum from lower dose AAV2 mice to assay for specific IgG subclasses of the anti-hFIX antibodies ( Figure 1c) ; serial samples from mice receiving higher dose AAV2 were assayed (Figure 1d ). In the FIXKO mice (n ¼ 8), IgG1 was found to be the predominant anti-hFIX antibody, and peaked at 300 mg/ml.
Anti-factor IX antibodies after AAV1 and AAV2 FIX T-P Zhang et al ( Figure 1d ) IgG2a was also detected at less than 30 mg/ml in some FIXKO mice; only one of eight mice had antihFIX IgG2b antibodies (15 mg/ml). Little or no IgG3 antihFIX was detected. Examining lower dose and higher dose AAV2 R333Q-hFIX mice (n ¼ 10), only one of the higher dose R333Q-hFIX mice produced transient IgG1 (4.1 mg/ml) and IgG2a (2.7 mg/ml) Igs, however, these antibodies were not neutralizing antibodies. The observations from both doses of AAV2-hFIX are consistent and suggest that the inhibitory antibodies developed in the context of the FIXKO mouse (absent FIX) are primarily IgG1 (which generally develop in a T-cell-dependent manner in mice), whereas the presence of circulating CRM+ FIX antigen is associated with tolerance.
Immune response to repeated hFIX protein infusion by tail vein injection
Another FIX challenge that is reported to stimulate inhibitors in FIXKO mice is the repeated intravenous administration of exogenous hFIX protein. 16 We wished to document the humoral immune response of the missense mouse to this high-risk treatment scenario. After four weekly tail vein injections of 25 mg/animal/ week human plasma-derived FIX concentrate, four of six FIXKO mice developed low titer Bethesda inhibitor antibodies with a range of 0.7-1.2 BIU. (Table 1) The antibody was predominately IgG1 with low levels of IgG2a and IgG2b occasionally detected. In contrast, none of the R333Q-hFIX mice (n ¼ 6) developed a detectable inhibitor or IgG1/IgG2a antibodies; low levels of IgG2b anti-hFIX were detectable at a few time points (0.1-0.3 mg/ml above baseline, data not shown).
Lymphoproliferative response to exogenous hFIX
Using a hemophilia A mouse model, Qian et al. 27 have previously determined that factor VIII-recognizing T cells are necessary for the development of anti-FVIII antibodies. Having demonstrated that the R333Q-hFIX mouse model has minimal B-cell antibody production in response to FIX, we wished to use a well-defined model of T-lymphocyte stimulation to characterize the risk of T-cell response to FIX in the hemophilia B mouse models. Twelve-to sixteen-week-old FIXKO (n ¼ 5) and Mouse strain BIU lgG1 ( mg/ml) lgG2a (mg/ml) lgG2b (mg/ml) lgG3 (mg/ml)
Abbreviations: BIU, Bethesda inhibitor unit; FIXKO, factor IX knockout; hFIX, human coagulation factor IX; Ig, immunoglobulin. The proportion of the total number (n) of mice in each group with each type of antibody response directed against factor IX. The range of antibody response among mice developing each type of antibody is shown in parentheses, expressed in Bethesda Inhibitor Units for the inhibitor and in mg/ml for immunoglobin subtypes.
Anti-factor IX antibodies after AAV1 and AAV2 FIX T-P Zhang et al R333Q-hFIX mice (n ¼ 5) were immunized subcutaneously with recombinant hFIX (rhFIX) mixed with complete Freund's adjuvant (CFA) to serve as an adjuvant for potential stimulation of hFIX-recognizing T lymphocytes. The CFA causes the FIX-recognizing T cells to drain to the local lymph nodes, so that harvest of the lymph node yields a relatively concentrated population of FIX-responsive cells for in vitro analysis. For each group of mice a control group of mice (FIXKO n ¼ 2; R333Q n ¼ 3) were immunized with phosphate-buffered saline (PBS) mixed with CFA so as to infer whether proliferative responses were FIX-specific. The FIXKO mice demonstrated significant proliferation of lymphocytes from 5/5 mice (proliferation index at least 2.5-fold greater than in the absence of rhFIX). (Figure 2 ) For each of these five mice, the proliferation to rhFIX was greater than the average proliferation plus two s.d. of mice immunized with PBS/CFA (n ¼ 2). Lymphocytes from hFIX-inoculated R333Q-hFIX mice did not proliferate in response to hFIX and no significant difference was seen between PBS-stimulated and hFIX-stimulated lymphocytes. Taken together with the IgG and Bethesda assay results, these observations suggest that T cells recognize, proliferate and help mediate the inhibitor antibody response to FIX in the CRMÀ mouse, but that the potential for stimulating these responses in the CRM+R333Q-hFIX mouse is low.
hFIX expression, function and immune response following AAV1-hFIX i.m. injection: effect of hFIX expression level on inhibitor development AAV1 gene therapy vectors direct greater expression than AAV2 vectors in muscle-directed gene therapy. 9, [28] [29] [30] [31] In some applications, antibodies against AAV1-delivered transgenes have been reported. 9, 32 To test the efficacy and safety of AAV1-mediated gene therapy in mice with different underlying FIX mutations, 1 Â 10 11 vg/animal of rAAV1-CBA-hFIX was injected i.m. The AAV1 vector included the identical expression cassette as in the AAV2-hFIX vector. hFIX expression in the R333Q-hFIX mice (n ¼ 5) peaked above 20 mg/ml at 4-week PI, then gradually decreased to 6.7 mg/ml (4130% of the normal human circulating FIX level) by 24-week PI. (Figure 3a ) This level was maintained for more than 7 months of observation. In the FIXKO mice (n ¼ 5), the mean expression peaked near 4 mg/ml and decreased to 1.3 mg/ml by 24-week PI (Figure 3a) .
Following rAAV1-CBA-hFIX i.m. gene therapy at this dose, all R333Q-hFIX and FIXKO mice developed hFIXspecific IgG antibodies. Anti-hFIX IgG1 elevations were present in all mice, with minimal IgG2a and IgG2b in some mice of each strain ( Figure 3c ). IgG1 in mice (the equivalent of human IgG4) is associated with relatively anti-inflammatory Th2 activation, whereas IgG2a antibodies are typically expressed following more proinflammatory Th1 antigen presentation. 33 Despite IgG1 levels of greater than 20 mg/ml in some of these hFIXexpressing mice, no inhibitors developed in mice carrying either mutation. The concentration of anti-hFIX IgG gradually declined by 12-week PI, and was near background at 30-week PI. At the same time point, the one-stage FIX clotting activity assay was 25% in the FIXKO and 101% in the R333Q-hFIX mice. These results suggest phenotypic correction by AAV1 muscular gene therapy ( Figure 3b ).
We hypothesized that the ability of FIXKO mice to tolerate AAV1 FIX gene transfer without forming neutralizing antibodies was not specific to properties of the AAV1 capsid as a delivery vector or a neoantigen. Instead, we hypothesized that the kinetics of rapid onset of physiologic levels of transgene expression directed by AAV1 was protective. Having characterized the antibody responses in the two strains at the same vector dose of 10 11 vector genomes of AAV1 and AAV2 (lower dose AAV2), we wished to test this hypothesis by examining whether the inhibitor risk would increase despite a decrease in the vector particle number of AAV1-hFIX. To investigate whether the level of transgene expression correlated with the development of hFIX inhibitors, we treated both strains of mice with an intermediate dose (1 Â 10 10 vg/mouse) and a lowest dose (1 Â 10 9 vg/ Inhibitors were associated with IgG1 anti-hFIX, which developed in eight of nine FIXKO mice in the intermediate and lowest dose AAV1 treatment groups, rising and falling with a similar pattern. (Figure 4b and d, left) The only CRMÀ mouse that did not produce anti-hFIX IgG1 also showed no evidence of FIX gene transfer (undetectable plasma FIX antigen, activity and Bethesda inhibitor after receiving the lowest dose AAV1-hFIX). Although all FIXKO mice initially produced low IgG2a, this became undetectable by 10-week PI (Figure 4d , middle). This pattern of Ig subtyping is consistent with a mixed Th1/Th2 response leading to inhibitor formation. Taken together, the results from AAV2-and AAV1-CBAhFIX FIXKO groups suggest that the influence of level and kinetics of transgenic protein expression (rather than serotype or dose of vector) are of primary importance in establishing tolerance in the background of a null mutation.
Additional FIX treatment scenarios modeled in the R333Q-hFIX and FIXKO mice: R333Q-hFIX mice do not break tolerance to hFIX after repeated hFIX gene therapy and protein therapy It is possible that clinical efficacy of gene therapy for hemophilia may require repeated gene delivery, or FIX protein supplementation in the eventuality of bleeding challenges, to achieve lifelong hemostasis. To study whether tolerance established by an initial gene delivery would be broken should FIX be delivered in the context of (1) repeated gene delivery with AAV-hFIX of different serotypes or (2) exogenous FIX protein infusions, several potential clinical scenarios were investigated, as diagrammed in Figure 5 .
As reported previously, groups of R333Q-hFIX (n ¼ 6) and FIXKO mice (n ¼ 5) were originally given 1 Â 10 11 vg/mouse of rAAV2-CBA-hFIX. The FIXKO mice developed high titer inhibitor antibody, whereas the Anti-factor IX antibodies after AAV1 and AAV2 FIX T-P Zhang et al R333Q-hFIX mice did not 18 (and Figure 1b) . From this original cohort, three of five FIXKO mice died within 20-week PI due to bleeding. At 26 weeks after rAAV2-CBAhFIX injection, surviving FIXKO mice were given 1 Â 10 11 vg/mouse of rAAV1-CBA-hFIX (Figure 6a and  b) . Despite receiving an AAV1-CBA-hFIX dose that was associated with tolerance formation in previously untreated FIXKO mice, the established Bethesda inhibitor and anti-hFIX IgG1 were maintained in these animals (Figure 6b and e). hFIX expression was undetectable and the clotting activity of hFIX was less than 1% throughout the entire experiment.
R333Q-hFIX mice from the cohort originally treated with rAAV2-CBA-hFIX were followed for 26 weeks and remained free of anti-hFIX antibodies. These R333Q-hFIX mice were re-treated with i.m. rAAV1-CBA-hFIX. The mean hFIX expression level rose from o100 ng/ml to 42-3 mg/ml following the second serotype vector, and was maintained for 24 weeks (length of observation) with coincident rise in FIX activity. These mice that displayed tolerance after rAAV2-CBA-hFIX delivery did not develop inhibitors after rAAV1-CBA-hFIX (Figure 6a and b) and transient low titer IgG1 development in a single mouse was the only evidence of immune recognition.
R333Q-hFIX mice (n ¼ 5) and FIXKO mice (n ¼ 5) originally treated with the highest dose rAAV1-CBAhFIX ( Figure 3) were followed for 30 weeks, demonstrating ongoing hFIX expression, no inhibitors, and an eventual decline of anti-hFIX IgG to near baseline ( Figure  3a and c). Gene therapy was readministered to both groups, using instead the AAV serotype 2 vector. FIX expression increased in mice with either underlying FIX gene mutation, without developing new inhibitor antibodies (Figure 6c and d) . These results suggest that tolerance, induced in the context of physiologic hFIX expression, is not likely to be broken should different AAV serotypes be used to boost expression.
Finally, we tested whether animals that expressed gene vector-delivered FIX without inhibitor formation were at risk of breaking this relative tolerance if subsequently treated with FIX protein. The three treatment groups are diagrammed in ( Figure 5 ) and included (1) R333Q-hFIX mice (n ¼ 4) initially treated with rAAV2-CBA-hFIX then challenged with repeated tail vein infusions of hFIX concentrate; (2) R333Q-hFIX mice (n ¼ 5) initially treated with AAV2-hFIX followed by rAAV1-CBA-hFIX then challenged with IV hFIX and (3) FIXKO mice (n ¼ 5) initially treated with rAAV1-CBAhFIX followed by rAAV2-CBA-hFIX then challenged with IV hFIX. Inhibitory antibodies developed in none of the mice in any of these three scenarios. Vectorderived FIX expression and activity were maintained throughout the protein challenge (data not shown). 
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Although it is possible that infused FIX and FIX expressed endogenously after gene therapy may be presented to the immune system in different immunologic (major histocompatibility complex (MHC)) contexts, the results suggest that tolerance, once established by gene therapy, is not likely to be broken should subsequent FIX protein therapy be required.
Discussion
The primary goal of this study was to study in severe hemophilia B mouse models the determinants of risk of inhibitor antibody development in response to hFIX replacement approaches, including gene therapy. A secondary goal of the study was to further characterize the R333Q-hFIX hemophilia B mouse model, to show that it is a useful tool for studying therapies that might otherwise be confounded by antibody responses if studied in the FIXKO mouse. The availability of severe hemophilia B mouse models in which circulating FIX protein is absent (CRMÀ FIXKO) or present (CRM+ R333Q-hFIX, the background detection of which FIX can be reduced to B1%) allowed us to examine determinants of FIX neutralizing antibody development. The results confirm our hypothesis that the animal with some level of circulating defective protein through development is at very low risk of producing a clinically significant inhibitory humoral immune response against the therapeutic protein, whether the protein is delivered as a systemic infusion or as a transgene via AAV gene therapy. The finding is significant because CRM+ hemophilia B is the most common phenotype in humans. In addition, following i.m. gene therapy, patterns of FIX expression associated with relative tolerance of the transgene were explored in knockout and missense hemophilia B mice using AAV1 and AAV2 serotypes. When inhibitor antibodies have developed following AAV2 FIX gene therapy, the higher vector dose per injection site has been implicated as an important influence. 23, 33 The investigations reported here, comparing multiple doses of AAV2 and AAV1 in the setting of two different FIX mutations, allow us to distinguish that neither vector serotype nor vector particle number independently determined the inhibitor trigger. Instead, gene therapy approaches that led to slow onset of low FIX expression (either with highest doses of AAV2 vector or lowest doses of AAV1 vector) were associated with inhibitor development in FIX null mice; high dose AAV1 led to rapid near-physiologic levels and no inhibitors. Instead of particle number of the vector dose, the influence of level and kinetics of transgenic FIX expression is of primary importance in establishing tolerance in this application, in particular if the underlying mutation results in a complete absence of circulating antigen.
Immune responses to FIX AAV gene therapy have been studied extensively in the CRMÀ FIXKO mouse hemophilia B models, as reviewed by several authors. [34] [35] [36] [37] In addition, the most clinically relevant hemophilia B phenotype has also been reproduced in a mouse expressing a defective hFIX from a single missense mutant hFIX gene. 18, 24 Consistent with our initial characterization of this model, the higher-dose challenges of rAAV2-CBA-hFIX reported here demonstrate that i.m. gene therapy of this missense R333Q-hFIX mouse model does not elicit inhibitors across a range of vector doses that stimulate inhibitor development in the FIXKO mouse. Recently, Sabatino et al. 38 have reported a transgenic approach to the creation of mice carrying a variety of additional hFIX mutations (between 1 and 68 FIX gene copies/cell, expressed from a non-native promoter). This group also examined responses to lowdose AAV2 i.m. therapy. Each of these models confirms the central importance of the underlying hFIX gene mutation in determining risk of inhibitor antibody formation after i.m. AAV2-hFIX. Therefore, a CRM+ hemophilia B mouse developed by this group (MS-2 with Anti-factor IX antibodies after AAV1 and AAV2 FIX T-P Zhang et al 15 copies of the missense FIX gene) displayed tolerance of hFIX gene therapy. 38 The study we wished to perform of relative role of transgenic FIX expression kinetics upon inhibitor risk could not be studied in their model, however, because of the interference of background CRM+ protein with circulating transgene measurements.
The current study expands the scope of these observations to model inhibitor risk associated with a variety of conceivable hFIX therapeutic approaches in the CRMÀ FIXKO mouse and the CRM+ R333Q-hFIX mouse. Treatment with intravenous rhFIX concentrates resulted in an inhibitory antibody response of low titer in most FIXKO animals by the fourth weekly treatment, a predominantly IgG1 Th cell-mediated response consistent with previous observations in mice. 16 In contrast, the missense mouse tolerated hFIX concentrates without development of either inhibitory or non-inhibitory humoral immune response. A recently generated missense mutant hemophilia A mouse demonstrates a similar tolerance of infused factor VIII treatments, despite the routine anti-factor VIII inhibitor development in factor VIII E16 or E17 knockout mice. 39 The FIXKO model and the missense mutant mouse differed, furthermore, in T-lymphocyte responses to vaccination with hFIX mixed with CFA. Tolerance to exogenous hFIX protein appears to be complete in all scenarios tested in the R333Q-hFIX mouse. Immunodominant epitopes of the hFIX protein have been determined in mice with B6 (H2 b ) and BALB/c (H2 d ) background. 40 It is worth noting that both the FIXKO mouse and the R333Q-hFIX mouse strains tested were generated in a 129 background and subsequently crossed four backcrosses into the C57B/6 strain background. Each colony was determined to be MHC H2 b by ELISA; therefore, strain differences are not likely to be the primary factor for the observed difference in lymphoproliferation to hFIX. Nevertheless, this study cannot exclude the possibility that there may be other genes linked or unlinked to inhibitor development or cell-mediated immune responses that may be elucidated after investigation in other strains or outbred hemophilic mice. [41] [42] [43] In the clinical treatment of hemophilia, the detection of a clinically significant inhibitory antibody is frequently treated by an attempt to achieve 'immune tolerance induction' (ITI). This treatment is achieved essentially through desensitization with several doses per week of clotting factor, generally for months or years. Successful 'tolerance' is defined by the return of normal coagulation function. Such a clinical definition of tolerance does not establish an immunologic mechanism for inhibitor disappearance. In some patients, inhibitor recurrence has occurred, suggesting that clonal deletion of the responsible T-cell clones is not achieved; additional mechanisms including active T-regulatory cell suppression or anti-idiotype antibodies versus the inhibitor antibody have been suggested. 
44-46
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We have previously reported that FIXKO mice treated with an AAV1 serotype hFIX vector, when compared to an AAV2 serotype hFIX vector (1 Â 10 11 vg/animal ¼ 4 Â 10 12 vg/kg of either serotype), remained free of inhibitors and expressed physiologic levels of hFIX. 15 A possible conclusion was that rapid and continuous expression of high hFIX levels led to immune nonresponsiveness to the transgenic protein, analogous to the situation in clinical ITI. The stimulation of noninhibitory antibodies was not examined in that previous study, and the experimental design involved changes in at least two variables: the vector serotype delivering the transgene and the ultimate level of expression of the transgenic hFIX. Interestingly, Arruda et al. 9 subsequently reported treating FIXKO mice and hemophilia B dogs with a similar AAV1-hFIX vector. Inhibitor antibodies were elicited by the AAV1 vector in every case in mice and dogs, but at the dose of 4 Â 10 12 vg/kg (equal to our 'highest dose' AAV1), the inhibitors in mice were transient and disappeared by 8 weeks after vector administration. 9 Interpretation of these two AAV1-hFIX studies was complicated in view of previous studies reporting that anti-FIX formation could be avoided if the presentation of high localized (concentrated) 'vector doses' was avoided. The studies that led to these conclusions could not make a distinction as to whether the number of vector particles, the level of transgene expression, the quantity of contaminating proteins in vector stocks (possible immunologic adjuvants) or the vector serotype were the dominant immunostimulatory influence. 23 The current study extends our previous findings by examining Th cell-dependent antibody responses over a range of FIX expression levels in both CRM+ and CRMÀ backgrounds. The results confirm that i.m. administration of AAV1 serotype expressing FIX does not, per se, trigger inhibitor antibody formation, as has been suggested. 38 Beginning with our highest dose of 1 Â 10 11 vg/animal, we treated separate cohorts of mice with decreasing doses of AAV1 so as to reproduce the low levels of FIX expression achieved by AAV2-hFIX. The development of inhibitor antibody in the CRMÀ mouse was not influenced by factors related directly to the AAV capsid, but was instead determined by the amount, and perhaps the kinetics, of expression of the transgene FIX. Our previous study and this more extensive characterization argue against the conclusion that AAV1-hFIX serotype is more likely to lead to inhibitor formation than AAV2-hFIX after i.m. gene therapy. Additionally, we have treated three CRMÀ hemophilia B dogs with AAV1-cFIX, and no inhibitors developed despite partial corrections of the clotting times (PE Monahan, H Chao, JR Elia, TC Nichols, CE Walsh, RJ Samulski, manuscript in preparation, 2006).
The pattern of IgG subclass antibody responses associated with inhibitor antibody formation in the current study is consistent with Th2 or mixed Th1/Th2 responses, as in previous studies. 16, 33 Inhibitors did not develop except when IgG1 and IgG2a anti-hFIX formed (with IgG1 present in higher titer), although they did develop in the absence of IgG2b and IgG3. At no dose of either AAV serotype or level of FIX expression was an inhibitor stimulated in the CRM+ mouse, despite the fact that high levels of FIX expression led to immune recognition and the development of non-inhibitory anti-hFIX IgG. This report does not address the effect of these same variables on cellular immune responses.
Nevertheless, the stimulation of IgG against FIX does not equate in every context with the development of inhibitors (antibodies against epitopes that are essential for coagulation). Immunodominant epitopes that result in anti-hFIX IgG may be located outside functionally critical areas, so that non-inhibitory IgG are raised. It has been well documented that healthy non-hemophilic humans and hemophilia A patients without inhibitors have non-neutralizing anti-factor VIII antibodies as well as CD4+ FVIII-responsive T-cell clones. 45, 47 The relevant investigations have not been performed to determine whether these clinically innocuous anti-factor VIII immune responses described in hemophilia A also occur against FIX in hemophilia B. In addition, wild-type nonhemophilic mice as well as FIXKO mice have been shown to have CD4+ T cells that recognize and proliferate in response to murine FIX epitopes, confirming that cells that respond to mouse FIX are neither deleted nor maintained in a state of anergy. 40 Although our goal was to create a clinically relevant model of hemophilia B to study hFIX therapies, a mouse expressing wild-type hFIX would provide an interesting control for these experiments. Sabatino et al. 38 have reported that a transgenic mouse expressing wild-type hFIX did not make any Ig directed against FIX after AAV2-hFIX i.m. It is not known whether very high expression in the wildtype hFIX-expressing mouse would lead to non-inhibitory IgG anti-hFIX formation, analogous to what we see after our highest dose of AAV1 in the R333Q-hFIX mouse.
Because asymptomatic anti-clotting factor antibodies can develop in non-hemophilic individuals, apparently without deleterious effect, the non-inhibitory antibodies that developed in both CRM+ and CRMÀ high dose AAV1 animals are not surprising. Nevertheless, it is worth noting that two separate groups have recently reported unexpected antibody formation against endogenous erythropoietin (EPO) and fatal autoimmune anemia following expression of physiologic (or supraphysiologic) EPO from AAV vectors in primates. 32, 48 The loss of tolerance of endogenous EPO did not correlate with a particular serotype (affected animal treated with AAV1, AAV2, AAV5 or AV8 vectors) or dose, although in each case high levels of EPO were expressed in ectopic locations (muscle, lung). Consistent with the finding of anti-FIX IgG developed in our highest-dose AAV1-treated mice (including R333Q-hFIX mice), high level expression of transgene may not be tolerogenic in all circumstances; the possible contribution of T-cell-independent mechanisms should be considered (e.g. stress responses to abundant transgene production in ectopic tissues).
Despite some discrepancies, in most aspects our results are consistent with the conclusions of the Arruda group, confirming that the localization, magnitude and persistence of antigen (FIX) are the crucial determinants of humoral immune responses. 9, 49 Their data and ours support a consistent model that very low doses of antigen may be ignored immunologically, whereas very high doses may result in stimulation and then downregulation or deletion of antibody-stimulating orsecreting lymphocytes, and doses between these induce an effective immune response.
33,46,49 All mice developed
Anti-factor IX antibodies after AAV1 and AAV2 FIX T-P Zhang et al physiologic or supraphysiologic hFIX levels following treatment with AAV1 at the highest dose, and all developed anti-FIX IgG, the titers of which disappeared over half a year. Epitopes affecting function were apparently not affected and no inhibitors developed. When FIXKO mice expressed low or undetectable FIX following treatment with 1-2 logs lower AAV1 vector, IgG anti-FIX developed in all mice but one, and inhibitors in most. In the context of a CRM+ mutation, the R333Q-hFIX mouse-expressing hFIX after intermediate or lowest AAV1-hFIX doses demonstrates no antibody-mediated immune response. It cannot be concluded from these studies whether the immunologic non-responsiveness in the CRM+ animals results from anergy, active T-regulatory suppression or other mechanisms, such as inhibition of factor-specific memory B cells (as has been modeled using factor VIII protein challenge in hemophilia A mice). 46 The current study is limited in that T-cell phenotype profiling (e.g. presence of CD4+ CD25+ T-regulatory cells) and extensive cytokine profiles of ex vivo stimulated T lymphocytes resulting from each treatment scenario were not performed. Such future investigations may suggest mechanisms resulting from naïve T-cell deviation towards Th1, Th2 or Th3 phenotype. 20, 33, 50 In the clinical treatment of hemophilia, the possibility of any new clotting factor therapy to stimulate inhibitors in previously treated patients is the subject of close surveillance by regulatory agencies, patients and physicians. In addition, the concern that a participant in a phase I clinical gene therapy trials might be ineligible for subsequent 'cure' is sometimes voiced. We wished to model a number of other potentially important treatment scenarios, wherein presentation of the FIX protein in different immunologic contexts might provoke the development of an inhibitor in a previously tolerant individual. Our studies of the R333Q-hFIX mouse suggest that the presence of a missense mutation and some level of circulating protein results in very low risk of inhibitor antibody formation or cytotoxic T-lymphocyte (CTL) response. Presumably, the CRM+ mice demonstrate central tolerance, resulting from the presence of FIX protein throughout immunologic development. Nevertheless, the CRMÀ FIXKO also did not develop inhibitors after AAV1-mediated physiologic FIX expression (rAAV1-CBA-hFIX highest dose 1 Â 10 11 vg/ animal). This likely represents peripheral tolerance, or at least 'tolerance' as the term is used in hemophilia clinical care (epitopes in functionally critical areas of the protein are not neutralized). It is encouraging that subsequent protein and gene therapy challenges did not break this peripheral 'tolerance' and induce inhibitors; nevertheless, transient non-inhibitory antibodies were observed in a few mice, indicating that neither clonal deletion nor immunologic non-responsiveness is complete. The Danger Model of immune tolerance suggests that the potential for activation of T cells may persist, if FIX is subsequently presented in the context of any of a number of inflammatory proteins or signals that can provide co-stimulation of antigen presenting cells and naïve T cells. 51, 52 Loss of transgenic FIX expression in a recent clinical trial underscores this concern. 13 In summary, our studies of the R333Q-hFIX mouse using a host of potential protein and gene therapeutic strategies suggest that the presence of a missense mutation, with some level of circulating protein (CRM+), results in very low risk of inhibitor antibody formation or CTL response. In contrasting AAV2 and AAV1 for i.m. gene therapy, neither the serotype nor the vector particle number independently determined the inhibitor trigger. Instead, the amount of transgene expression was very closely related to the inhibitor immune response, so that expression occurring at low levels resulted in risk of inhibitor formation that was avoided when factor expression occurred at therapeutic or physiologic levels early after gene therapy. The significance for the field of gene therapy is that, in general, deficiency conditions that are associated with circulating defective protein should have low risk of humoral immune response to therapeutic transgene expression. Deficiency states associated with null expression of protein, on the other hand, may require a minimum threshold of expression (or even a specific window of expression level) to ensure tolerance of the therapeutic transgene. This observation calls into question whether the design of Phase I clinical studies with doses that are expected to yield subtherapeutic gene expression (using the model customarily applied to novel pharmacologic agents) is appropriate for gene replacement therapies. This study more fully characterizes and contrasts immune responses in CRM+ and CRMÀ hemophilia mouse models, and suggests their suitability for ongoing study of the mechanisms of immunologic responsiveness or non-responsiveness to protein and gene therapies.
Materials and methods
Animal experiments
FIXKO mice (B6.129P2-F9 tm1Dws ) and R333Q-hFIX mice (B6;129S6-TgH-F9 R333QhF9Dws ) have been previously described by our group. 14, 18 All mice were bred in house and maintained according to the guidelines of the Animal Care and Use Committee of UNC Chapel Hill, which approved all experiments. For gene therapy, rAAV2-CBA-hFIX or rAAV1-CBA-hFIX, diluted to a total volume of 100 ml using PBS, was injected into the gastrocnemius muscle (50 ml for each hind limb) of 6-to 10-week-old FIXKO or R333Q-hFIX mice. Mice weighed 20-25 g at the time of treatment. For exogenous hFIX protein infusion, 25 mg monoclonal hFIX (Mononine, Centeon LLC, Kankakee, IL, USA) or rhFIX (Benefix, Wyeth Pharmaceuticals, Cambridge, MA, USA) were injected into the tail vein weekly for 6-12 weeks. Retro-orbital venous plexus blood was collected for citrated or heparinized plasma samples.
AAV vector construct and production
AAV vectors containing the hFIX cDNA (1.4 kb) under transcriptional control of CBA (cytomegalovirus/chicken b-actin) promoter (rAAV-CBA-hFIX) were constructed as described previously. 18 This expression cassette includes human b-globin/IgG chimeric intron and murine a-globin polyA and flanked by AAV serotype-2 inverted terminal repeats. Recombinant AAV2-CBA-hFIX and AAV1-CBA-hFIX were produced and titered at the UNC Virus Vector Core as described previously. 53 Anti-factor IX antibodies after AAV1 and AAV2 FIX T-P Zhang et al
Assay for hFIX antigen and FIX activity hFIX was detected by ELISA using the A-1 anti-hFIX antibody, as described previously. 18 Briefly, plates were coated overnight at 41C with rabbit anti-hFIX polyclonal antibody (1:1200, Dako, Carpinteria, CA, USA), diluted plasma samples (1:10-2000) were applied and incubated at 321C for 2 h. Mouse anti-hFIX monoclonal antibody A-1 conjugated with horseradish peroxidase (HRP) was used as the detecting antibody. The FIX levels were calculated according to a standard curve generated from purified rhFIX with threonine at amino acid 148. Clotting activities of FIXKO and R333Q mice were measured using a START 4 Coagulation Analyzer (Diagnostica Stago, Asnieres, France). The hFIX-specific one-stage clotting assay (FIX-specific activated Partial Thromboplastin Time (aPTT)) using mouse plasma samples was performed as described previously. 18 hFIX Bethesda inhibitor assay and immunoassay for anti-hFIX Igs
Inhibitor antibodies against hFIX were measured by Bethesda assay, performed as described previously. 18 Anti-hFIX IgG subclasses assay were performed as described previously 16, 19 except as noted. Plates were coated with rhFIX (1 mg/ml, Benefix, Genetics Institute, Cambridge, MA, USA), and samples were applied at 1:100-1000 dilution. In parallel, wells were coated with twofold serial dilutions of purified mouse Igs (SigmaAldrich, St Louis, MO, USA) starting from 500 ng/ml for generation of a standard curve. Anti-hFIX was detected with HRP-conjugated antibodies specific for mouse IgG1, IgG2a, IgG2b, IgG3 and IgM (Roche diagnostics Corporation, Indianapolis, IN, USA), using ABTS solution (Roche Diagnostics, Mannheim, Germany) as the colorigenic substrate.
Lymphocyte proliferation assay
The potential for T-lymphocyte proliferation in response to exogenous hFIX protein was evaluated in adult (12) (13) (14) (15) (16) weeks age at inoculation) FIXKO and R333Q-hFIX mice. Immunization and lymphocyte proliferation assay were performed as described previously 40 except as noted. Mice were immunized at four sites along the posterior flank with 25 mg/site of rhFIX (Benefix, Genetics, Institute, Cambridge, MA, USA) mixed with CFA (Sigma, St Louis, MO, USA). Following harvest of the corresponding axillary and inguinal lymph nodes from each animal, 4 Â 10 5 cells/well were plated in 96-well round-bottom plates in triplicate. Splenocytes from untreated FIXKO mice were harvested, pooled and inactivated with psoralen/ultraviolet irradiation and 1 Â 10 5 splenocytes were added to each well. To the media overlying cells was added either no rhFIX or rhFIX at concentrations ranging from 0.25 to 1 mmol/l. Cell were incubated for 4 days, labeled for the final 18 h with 3 H thymidine, and incorporation of 3 H scored.
